Chagas disease is a chronic parasitic infection restricted to America where 15 million people present Trypanosoma cruzi infection or carry the disease, and 90 million people are at risk for contracting the infection (Rodrigues Coura and Pinto Dias 2009 ). The disease is caused by the protozoan T. cruzi, which is transmitted to human through the feces of infected blood-sucking insect belonging to the subfamily Triatominae (Hemiptera: Reduviidae). Triatoma infestans (Klug, 1834) is responsible for most of the cases of Chagas disease in the continent (Dias and SchoÞeld 1999) . Because no treatment is available for the chronic forms of the disease, chemical control is the main action used to prevent vector borne transmission of Chagas disease. The chemical control, historically based on the use of organochlorine, organophosphate, carbamate, and pyrethroid insecticides has led to the reduction of T. infestans distribution and the consequent interruption of disease transmission in several areas of Southern Cone (Dias et al. 2002, World Health Organization [WHO] 2006). However, resistance to insecticides was reported in T. infestans from Brazil (South America) (Vassena et al. 2000) . In 2002, high resistance to deltamethrin correlated with Þeld control failures was detected in T. infestans in the neighboring areas to Salvador Mazza (Argentina) and Yacuiba (Bolivia) . Later, insecticide resistance was reported for T. infestans populations from the geographical area of Gran Chaco of Argentina, Bolivia, and Paraguay (Toloza et al. 2008, Germano et al. 2010) . Recent studies demonstrated differences among the studied pyrethroid-resistant populations (Santo Orihuela et al. 2008 , Toloza et al. 2008 . In this paper, we analyzed recently detected T. infestans resistant populations, and we deÞned at least three resistant proÞles according to the toxicological and biochemical characteristics of the studied resistant populations.
Materials and Methods
The three resistance proÞles of T. infestans populations from different areas were determined by topical bioassay of insecticides from three chemical classes (deltamethrin: pyrethroid, Þpronil: phenylpyrazole, and fenitrothion: organophosphate) against Þrst instar nymphs and eggs, and by the measurement of the activity of the mono-oxigenase (deethylation) and pyrethroid-esterase detoxifying enzymes.
Study areas were Acambuco (Salta, Argentina), Entre Rṍos (Tarija, Bolivia), and Mataral, (Cochabamba, Bolivia) . A brief description of the studied sites is shown in Table 1 .
These sites are in areas where resistance was previously demonstrated , Santo Orihuela et al. 2008 , Toloza et al. 2008 , Germano et al. 2010 . They were chosen because their owners and the authorities of vector control campaigns expressed domiciliary infestation after insecticide treatment (Fig. 1 ).
Individuals were captured from infested dwellings with the use of manual forceps and without the use of dislodging agent. Captured insects and their offspring were raised at the laboratory under controlled temperature (28 Ϯ 1ЊC), humidity (50 Ð70%), and a photoperiod of 12:12 (L:D) h. A pigeon was weekly provided as a bloodmeal source (WHO 1994) . A reference T. infestans colony was obtained from descendents of the insects provided by the Coordinació n Nacional de Control de Vectores (Punilla, Có rdoba, Argentina). They were reared under the same controlled laboratory conditions as Þeld populations.
Technical grade deltamethrin (99.5%), Þpronil (97.5%), and fenitrothion (98.0%) used for bioassay were obtained from Dr. Ehrenstorfer, Augsburg, Germany. The analytical grade acetone used for dilutions was purchased from Merck Argentina, Buenos Aires, Argentina.
Bioassays. Tests to determine insecticide susceptibility were done by topical application, according to the WHO protocol (WHO 1994) . The test was conducted on T. infestans Þrst instar nymphs (5Ð7 d old, mean weight 1.3 Ϯ 0.2 mg) starved since eclosion. Each insect was treated with 0.2 l of the insecticide diluted in acetone on the dorsal abdomen using a 10 l Hamilton syringe (Hamilton, Reno, NV) provided with a repeating dispenser. Deltamethrin was selected for toxicity studies because it was the main insecticide used since the 1980s in campaigns for vector control of Chagas disease. Fenitrothion was selected because it was used before deltamethrin, and Þpronil because was never used for T. infestans Þeld control. Moreover, the three selected insecticides have different modes of action.
Concentrations ranged from 0.0001 to 10 mg/ml (corresponding to 0.02 and 2000 nanograms/insect) for deltamethrin, from 0.01 to 10 mg/ml (2 and 2,000 ng/i) for Þpronil, and from 0.01 to 1 mg/ml (2 and 2,000 ng/i) for fenitrothion. Ten insects were used for each replicate and each dose, and each dose was replicated at least three times. Topical application with acetone was made for controls. After treatment, insects were held at the rearing laboratory conditions for 24 h, when mortality was recorded. The criterion for mortality was inability to walk from the center to the border of a circular Þlter paper (11 cm diameter). Only those nymphs that were able to walk to the border of the paper with or without mechanical stimulation were considered alive. At least four doses (within the corresponding range) that produced between 10 and 90% mortality were selected for statistical analysis.
For toxicity studies, eggs of 12 d old were selected using external morphological characteristics as described previously (Picollo de Villar et al. 1979) . Brießy, 12 d old eggs were orange with dark eye spots. Groups of at least 10 eggs per concentration were Þxed to a microscope slide by a double-side adhesive tape. Treatment of the eggs was individually performed by topical application to the operculum with 0.2 l of the insecticide diluted in acetone, by using a 10 l Hamilton syringe, according to the method reported by Toloza et al. (2008) . Final concentration ranged from 0.001Ð10 mg/ml of deltamethrin diluted in acetone. Each concentration, including acetone for controls, was replicated three times. After topical application, eggs were incubated in a rearing cabinet (FOC-225E, Velp ScientiÞca, Milan, Italy) at 28 Ϯ 1ЊC, 50% relative humidity (RH), and a photoperiod of 12:12 (L:D) h.
Mortality data were recorded 10 d after treatment to determine the number of eggs that failed to hatch. This period of time was recorded to ensure that no delayed hatching took place in the control.
Enzyme Activity. Cytochrome P 450 Monooxygenase activities were measured using 7-ethoxycoumarin-O-deethylation, according to the direct ßuorometric test for individual abdomens of T. infestans and Pediculus humanus capitis (González Audino et al. 2005 ). Fluorescence of 7-OHC was determined using microplate ßuorescence reader (Packard Fluorocount), with 400 nm excitation and 440 nm emission Þlters.
First instar nymph abdomens were placed individually into wells of a 96 well micro plate containing 100 l of 0.05 M phosphate buffer, and 4 mM 7-EC. The reaction was stopped after incubation time (4 h, 30ЊC) by adding 100 l of glycine buffer (10 Ð 4 M), pH 10.4. To precipitate the abdomens in the wells, microplates were centrifuged at 2000 ϫ g for 30 s in a refrigerated centrifuge for microplates (4237 R, ALC International SRL, Cologna Monzese, Italy) before and after the incubation of the enzymatic reaction at 30ЊC. For each population, similar wells receiving glycine buffer previous to incubation were used for blanks. The relative ßuorescence units were all corrected for background hydrolysis, nonspeciÞc ßuorescence of substrate, and transformed to picomoles per minute (activity units) by using a calibration curve per replicate with dilutions of 117.50, 172.50, and 224 .33 total pmoles per well).
Pyrethroid-Esterase activity was determined by the hydrolysis of 7-coumaryl permethrate (7-CP), a new ßuorescent substrate appropriate for determining pyrethroid hydrolysis activity on individual insects (Santo Orihuela et al. 2006) . For this, the insects were cooled and each nymph was homogenized in 220 l phosphate buffer (pH 7.2, 0.05 M) by using a plastic mortar and pestle. Reaction was initiated by adding 10 l 7-CP (3.5 mM, 2-methoxy ethanol) to 190 l of each homogenate. Incubation was performed at 25ЊC for 33 min, at pH 7.2. The ßuorescence was measured using a microplate ßuorescence reader (Packard Fluorocount) and results were analyzed with Fluorocount tm and Excel 2000 software. Assays were conducted in black 96-well polystyrene ßat-bottom microtiter plates (Packard, Meriden, CT) at 25ЊC. Production of 7-OHC was monitored with excitation wavelength at 400 nm and emission at 440 nm. Activity was measured each 3 min for 33 min, such that assay was linear over the reported time. The relative ßuorescence units values were all corrected for background hydrolysis, nonspeciÞc ßuorescence of substrate and transformed in picomoles per minute (activity units) using a calibration curve per duplicate with dilutions of 7-OHC (68.5, 342.69, 685.44, and 1,370.8 total pmoles for well).
Data Analysis. In those tests where control mortality was observed (always Ͻ15%), the mortality data were corrected using AbbottÕs formula (Abbott 1925) . Dose-mortality data were subjected to probit regression analysis (LitchÞeld and Wilcoxon 1949) to estimate the lethal dose to kill 50% of population (LD 50 ) by using POLO PC (LeOra Software 2002). LD 50 values were expressed in nanograms per nymph (ng/i) or nanograms per egg (ng/egg). Resistant ratio (RR) and 95% CL were calculated as described by Robertson and Preisler (2007) . Studied populations were considered resistant if the RR CLs did not include the number one. RR Ͼ100 was considered as high resistance, RR Ͻ10 was considered as low resistance, and RR from 10 to 100 was considered as medium resistance.
The biochemical data were plotted as the percentage of individuals responding within a particular range of values of enzyme activity (Sokal and Rohlf 1980) . A reasonable threshold of enzyme activity containing the majority of insects (Ͼ64%) is established for the susceptible strain, and the percentage of insects over the threshold is calculated for each enzyme and each population .
Results
The susceptibility values of Þrst instar nymphs to deltamethrin, fenitrothion, and Þpronil are shown in Table 2 . Deltamethrin was the most effective insecticide in the reference susceptible colony (LD 50 0.2 ng/i), compared with Þpronil (LD 50 12.8 ng/i) and fenitrothion (LD 50 11.8 ng/i). In addition, deltamethrin-resistance was assessed in all Þeld populations (RR Mataral ϭ 17.4, RR Acambuco ϭ 32.5, and RR Entre Rṍos ϭ 173.8).
The estimated values for Þpronil indicated that the two Bolivian deltamethrin-resistant populations were resistant to this insecticide (RR Mataral ϭ 66.8, RR Entre Rṍos ϭ 12.4). However, Acambuco was susceptible to Þpronil. The toxic response to the treatment with fenitrothion was similar for the deltamethrinresistant population and for the susceptible one, despite a slight lower susceptibility was detected in Acambuco.
The susceptibility values of eggs exposed to deltamethrin were in Table 3 . All studied resistant populations had deltamethrin-resistant eggs. Eggs of Entre Rṍos showed the highest RR to deltamethrin (39.1), whereas Mataral showed the lowest level (RR ϭ 8.4).
The 7-OHC mono-oxigenases (measured by deethylation) of deltamethrin-resistant populations on Þrst instar nymphs showed no statistical differences (P Ͼ 0.05), related to the reference population (1.74 Ϯ 0.91 picomoles/min/insect). The frequency distribution of Þrst instar nymph pyrethroid-esterase activities among reference and Þeld populations of T. infestans is shown in Fig. 2 . The vertical line marked at values of 68.5 pmol/min/insect represented the threshold of enzyme activity containing the majority of insects (Ͼ70%) in the susceptible reference population, and on each histogram the percentage of individuals exceeding this value is marked. The percentages were 27.7% for the susceptible, 0% for Entre Rṍos, 2.6% for Mataral, and 79.2% for Acambuco. A KruskalÐWallis analysis demonstrated remarkable higher activity in Acambuco than the reference population (P Ͻ 0.001). On the contrary, signiÞcant low activity was found in Mataral and Entre Rṍos populations (P Ͻ 0.05).
Discussion
Three different resistance proÞles were identiÞed in the studied T. infestans Þeld populations, which were called resistance type 1, 2, and 3 (Ti-R1, Ti-R2, and Ti-R3, respectively), corresponding to the Argentinean Salta Chaco (Acambuco), Bolivian Tarija Chaco (Entre Rṍos), and Bolivian Andean Valleys (Mataral). The Ti-R1 proÞle exhibited nymphs with medium resistance level to deltamethrin (RR ϭ 32.5), and they were susceptible to Þpronil and fenitrothion. Pyrethroid-esterases played a relevant role in deltamethrin resistance (signiÞcantly increased activity). Moreover, eggs of Ti-R1 resistant populations had a medium resistant level to deltamethrin.
The Ti-R2 proÞle exhibited nymphs with high resistance to deltamethrin (RR ϭ 173.8), low resistance to Þpronil (RR ϭ 12.4) and susceptibility to fenitrothion. Neither pyrethroid-esterases (deethylation) nor P 450 monoxygenase (hydrolysis of 7-CP) showed increased activity. Moreover, eggs of Ti-R2 resistant populations showed medium resistance levels to deltamethrin (RR ϭ 39.1).
The Ti-R3 proÞle exhibited nymphs with low resistance level to deltamethrin (RR ϭ 17.4), medium resistance to Þpronil (RR ϭ 66.8) and susceptibility to fenitrothion. Neither pyrethroid-esterases nor P 450 monoxygenase showed increased activity. Moreover, eggs of Ti-R3 resistant populations had low resistance to deltamethrin (RR ϭ 8.4).
Previous work at our laboratory has indicated high resistance levels to deltamethrin correlated with failures of chemical control in Þeld populations of T. infestans in Salvador Mazza (northern Argentina) and Yacuiba (southern Bolivia) , Santo Orihuela et al. 2008 . Lately, Germano et al. (2010) reported new Þndings of insecticide resistance extended toward the north of Bolivia with increasing resistant levels (Tierras Nuevas, Villa el Carmen, El Palmar, and Villamontes), demonstrating that the resistant area in Bolivia was greater than previously expected. In contrast, in Argentina these authors reported that the high resistance area was limited to the northern border, because Þeld populations to the south of S. MazzaÐYacuiba were susceptible or slightly resistant to deltamethrin. Additional studies about the insecticide resistance in eggs have demonstrated remarkable differences in the expression of insecticide resistance in eggs from different Þeld populations (Toloza et al. 2008) . For example, eggs from Salvador Mazza, Argentina, show high resistance to deltamethrin and lambda-cyhalothrin, while eggs from two Robertson and Preisler (2007) . Evidence of different resistance proÞles in T. infestans Þeld populations from Argentina and Bolivia suggested an independent evolutionary process, mainly based on insecticide pressures, genetic differences of the natural populations, and/or local environmental. The insecticide pressure not seem to be the main cause, because the vector control activities with pyrethroid insecticides in the studied areas had historically been very sparse, and no campaign was conducted with Þpronil. Moreover, different susceptibility to deltamethrin and Þpronil was recently reported for sylvatic T. infestans populations from different areas in Bolivia. The differential susceptibilities of sylvatic insects would not be the result of selection pressure because the sylvatic environment was not targeted by chemical control interventions. These results demonstrated that T. infestans from different geographic areas has naturally different toxicological responses to insecticides (Roca Acevedo et al. 2011) .
Other natural variations for T. infestans from several areas of Argentina and Bolivia have been reported. Monteiro et al. (1999) used mitochondrial DNA sequence variation to infer the genetic structure of nine T. infestans populations from Bolivia, Brazil, and Argentina. They found four haplotypes that could be separated into two clusters: one cluster consisting of insects from Bolivia and the other cluster of samples from Argentina and Brazil. Panzera et al. (2004) has reported by cytogenetic methods a clear differentiation between T. infestans from Andean Bolivia and Argentina.
Recently, Hernandez et al. (2011) has indicated a spatial inßuence of macro-and microhabitats in the phenotypic characteristics of T. infestans and the relationship with the potential role to invade and colonize other habitats in the arid Chaco region of Argentina.
The characterization of the resistance to pyrethroid in these T. infestans populations from Argentina and Bolivia do not permit the generalization of three forms of resistance proÞle. So far as we appear to know, the forms of mechanisms and their frequencies reported here are selected independently, so additional sites might well show additional combinations of resistance mechanisms and their frequencies. More studies about the T. infestans resistant Þeld populations would help in the improvement of the vector control activities, since different insecticides should be applied to focus with different resistant proÞles. 
